In the current practice of the taxonomy of the Bacteria and Archaea, a novel species is recognized using the polyphasic approach, in which we consider multidimensional aspects of organisms including phenotypic, genotypic and chemotaxonomic traits (Colwell, 1970; Tindall et al., 2010) . In this process, genotypic characterization is an essential component in describing species, as genetic information sheds light on evolutionary relationships between diverse lineages. Phylogenetic analysis based on 16S rRNA gene sequences and determination of similarity between sequences are now routinely carried out as the first step in identifying novel organisms (Stackebrandt & Ebers, 2006; Stackebrandt & Goebel, 1994; Tindall et al., 2010) . Over the last 50 years, DNA-DNA hybridization (DDH), which measures indirectly the degree of genetic similarity between two genomes, has been the 'gold standard' for bacterial species demarcation by providing a constant numerical threshold (DDH value .70 %) for the species boundary (Wayne et al., 1987) . Since the invention of cost-effective, high-throughput DNA sequencing, known as next-generation sequencing (NGS), sequencing a bacterial or archaeal genome and its direct comparison are readily applicable to microbial taxonomy, even in general laboratories in academic institutions. This has resulted in the use of the genome sequence in microbial taxonomy becoming feasible, and in such approaches being applied in recent taxonomic studies involving formal taxonomic proposals. Here, we review the current status of taxonomy of the Bacteria and Archaea and the potential use of genomics in classification and identification of these organisms.
Taxonomy of the Bacteria and Archaea: where are we now?
At present, the number of validly published names of prokaryotic species is about 12 000. This number is clearly an underestimation of what exists on Earth, given that there are over 1.5 million known animal species. Consider that every animal species likely harbours microbial species whose ecological niche is that particular animal host. Moreover, the way that we define bacterial and archaeal species is based largely on genomic relatedness, which is a much more relaxed definition than that of eukaryote species. For example, if the current criterion used to define bacterial and archaeal species is applied to the animal world, all primates should be classified as a single species (Whitman et al., 1998) . Therefore, direct comparison of species diversity between the domains Bacteria, Archaea and Eukarya has no rational basis due to radical differences in how we define 'species'. Even so, we can still try to measure overall species diversity of the bacterial and archaeal worlds using the current definition of species. There have been a few attempts to estimate the total number of bacterial and archaeal species on Earth, suggesting that this figure can be over a million (Curtis et al., 2002) .
Before the dawn of the molecular biology era, we were very slow in discovering novel bacterial and archaeal species due to the lack of efficient and objective methods to recognize and delineate novel species. In 1992, Fox and colleagues first noticed that two bacterial strains belonging to different species can share high levels of genetic similarity, even almost identical 16S rRNA gene sequences (Fox et al., 1992) . Later, the utility of 16S rRNA gene sequences in delineating novel species was formulated by Stackebrandt & Goebel (1994) , who proposed that, if two strains share less than 97 % 16S rRNA gene sequence similarity, they belong to different species. This simple and objective guideline has greatly increased the rate of discovering novel species when tedious and labour-intensive DDH is avoided ( Fig. 1) . At present, the most widely used methodology for proving the novelty of a bacterial or archaeal species is the combination of 16S rRNA gene sequencing and DDH; the latter is only applied for cases in which the 16S rRNA gene sequence similarity between two strains is .97 %. It should be noted that novel species are also differentiated using phenotypic characteristics on top of genetic evidence (Wayne et al., 1987; Tindall et al., 2010) .
NGS technologies and genome assembly
It has been two decades since the first bacterial genome, of Haemophilus influenzae Rd, was sequenced (Fleischmann et al., 1995) . Prior to the invention of NGS in 2005, the use of genome sequencing in bacterial and archaeal taxonomy was hampered by the high-cost, labour-intensive and timeconsuming process of the conventional Sanger sequencing method. The first NGS platform that was widely used in microbiology was the Roche 454 sequencing system, which adopted the principle of pyrosequencing (Margulies et al., 2005) , followed by other NGS platforms. Illumina DNA sequencing technology, which was originally developed by Solexa, is based on bridge-amplification and reversible terminators (Bentley, 2006) , and is provided as different instruments including HiSeq and its lower-throughput, bench-top version called MiSeq.
The Roche 454 and Illumina platforms are generally called NGS technologies, whereas those subsequently commercialized are often referred to as third-generation sequencing technologies. Among them, Pacific Biosciences provides single-molecule sequencing, meaning that no template amplification is needed. This technology can produce very long, albeit less accurate, sequencing reads, of over 10 000 bp (Eid et al., 2009) . Similar to Roche 454, Ion Torrents (Life Technologies) uses emulsion PCR for template DNA amplification, but adopts semiconductor technology to sequence DNA, for which a change in pH is detected instead of light. It is perhaps impractical to compare these DNA sequencing systems objectively at any given time, as all of these technologies and related experimental protocols are constantly being improved, and new ones are frequently introduced into the market. However, it is evident that these massively high-throughput sequencing technologies are becoming readily accessible to general microbiology laboratories, which means that genomics will be within the reach of most microbial taxonomists in the near future.
All of these new DNA sequencing platforms can generate massive quantities of sequence data with relatively shorter read lengths, but are significantly cheaper than the conventional Sanger method. In general, the sequencing accuracy of NGS platforms is over 99 %, which is slightly lower than that of the Sanger method. However, in genome-sequencing projects using NGS, multiple depths of sequencing coverage are always applied; therefore the final assembled sequences (called contigs) are generally of high accuracy. In genome-sequencing projects based on the Sanger method, depths of sequencing coverage usually range from 7-to 10-fold (one nucleotide position of the genome is sequenced seven to ten times on average). In contrast, at least 306 depths are usually applied in NGSbased genome-sequencing projects. Each of the available NGS technologies has pros and cons regarding read length, accuracy, the nature of sequencing errors, its ability to produce paired-end information and cost-effectiveness. It is, therefore, sensible to employ two or more NGS systems simultaneously to gain genome data of better quality. Such an approach is called 'hybrid genome assembly'. For example, preliminary high-quality contigs can be obtained using Illumina MiSeq/Roche 454/Ion Torrents with high depths of sequencing coverage, and the resulting contigs Genomics for the taxonomy of prokaryotes can be joined to get the complete sequence by applying Pacific Biosciences's long-read sequencing (Koren et al., 2012) . Basic features of each sequencing platform used in prokaryotic genome sequencing and their latest updates are summarized in Table 1 .
Estimation of genomic relatedness using genome sequencing data DDH is an experimental method to measure the degree of relatedness between two different genomes by applying nucleic acid hybridization. Since the first introduction of this technique in microbiology in the late 1960s (Johnson & Ordal, 1968) , it has been portrayed as the 'gold standard' for species delineation of the Bacteria and Archaea. Wayne et al. (1987) recommended a DDH value of 70 % as the threshold for the bacterial species boundary, although there are some exceptions (Rosselló -Mora, 2006) . Due to the labour-intensive and error-prone nature of DDH experiments, there has been a continuous demand for an alternative genotypic standard (Stackebrandt et al., 2002) . Comparative studies between 16S rRNA gene sequence similarities and DDH values revealed that 97 % 16S rRNA gene sequence similarity corresponded to the 70 % DDH value (Stackebrandt & Goebel, 1994) . It is now generally accepted that DDH is only required for a pair of strains showing 97 % or more 16S rRNA gene sequence similarity when a novel species is proposed (Tindall et al., 2010) . Even though the 16S rRNA gene sequence is regarded as the best approach in placing an uncharacterized strain onto the phylogenetic framework of all microbes, in many cases, it is too conserved to distinguish two closely related species. This limitation can be overcome by whole-genome-based comparisons, which have better resolving power in species delineation (Oren & Papke, 2010) .
Since genome sequencing is now affordable and accessible to general microbiology laboratories, it has been suggested that comparison of whole-genome sequence data, as a form of digital, in silico DDH, would be used to replace DDH for taxonomic purposes (Konstantinidis & Tiedje, 2005 (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009 ). In addition to DDH, an alignment-free method using tetranucleotide frequency has been shown to represent a good correlation with ANI (Richter & Rosselló -Mó ra, 2009 ).
Unlike ANI, which is a similarity-type index, genome BLAST distance phylogeny (GBDP) is a distance-type genome relatedness index (Henz et al., 2005) . In the GBDP algorithm, the genome sequence is not artificially cut into small pieces. Instead, two genome sequences are aligned to each other using local alignment tools such as BLAST (Altschul et al., 1990) , BLAST+ (Camacho et al., 2009) and BLAT (Kent, 2002) to obtain sets of high-scoring segment pairs (HSPs). These are then used to calculate a specific distance formula. Practically, GBDP offers three algorithms, namely, greedy, greedy-with-trimming and coverage, depending on the way overlapped HSPs are processed. In a recent version, the algorithm was further enhanced by using more sophisticated statistical models with confidence-interval estimation (Meier-Kolthoff et al., 2013) .
MUMi is another distance-type index that is based on maximal unique exact matches shared by two genomes (Deloger et al., 2009 Unlike OGRI, only conserved parts of genomes can be considered for phylogenetic comparison of two strains. This approach has been widely adopted for molecular epidemiology as a form of multilocus sequencing typing (MLST) (Maiden et al., 1998; Sullivan et al., 2005) . In MLST, sequences of 8-12 selected conserved genes are determined, and each sequence is grouped into sequence types (ST) according to their sequence. Every ST is treated or weighted equally regardless of their sequence similarity. MLST is a powerful typing method in differentiating closely related strains within a species, because of its ability to overcome the bias caused by lateral gene transfer. However, if this concept is applied to higher-level classification, especially to differentiate two distinct species, sequence similarity values between the two gene sequences should be considered. In contrast to MLST, this phylogenetic approach is known as multilocus sequence analysis (MLSA). The potential of this method in bacterial species definition was strongly endorsed by the ad hoc committee of the International Committee on Systematics of Prokaryotes (Stackebrandt et al., 2002) , given that whole-genome sequencing was not accessible to most microbial taxonomists at that time. MLSA has been used successfully in the classification and identification of many taxa (Guo et al., 2008; Marrero et al., 2013; Martens et al., 2007) .
In MLSA, sequences of each selected gene are sequenced using PCR and Sanger sequencing, which restricts analysis based on a large number of genes. In contrast, wholegenome sequencing allows us to choose as many genes as possible for such an analysis. Mende et al. (2013) devised a special MLSA method, called specI, in which 40 universal, single-copy, protein-coding genes are selected to calculate a genome similarity based on ANI of the 40 genes. They went on to conduct a large-scale study, suggesting that their method is comparable to ANI and can be used for bacterial species demarcation. Unlike specI, which has been designed to be used in studies of all bacterial phyla, a larger number of genes can be used in specific cases. For example, the phylogenetic structure of Vibrio cholerae and related taxa has been elucidated by MLSA based on .1000 genes (Chun et al., 2009; Haley et al., 2010) , resulting in the recognition of two novel species of the genus Vibrio. The MLSA method differs from OGRI as the former only considers parts of the genome and the input data should be gene sequences, not genomes, which means that the gene finding/prediction step should be carried out in advance for the MLSA. MLSA is more phylogenetically sensible and can be a good alternative to check conclusions derived from OGRI methods.
Among all the digital genomic relatedness indices mentioned above, the ANIb algorithm has been used most widely for classification and identification of bacteria and archaea ( Table 2 .
Applying genomics to the taxonomy of the Bacteria and Archaea
As outlined above, the contribution of 16S rRNA gene sequences to the classification and identification of the Bacteria and Archaea has been immense (Rosselló -Mora & Amann, 2001) . Unlike DDH, once a 16S rRNA gene sequence is obtained from an isolate, it can be compared against speciality databases, such as EzTaxon (Kim et al., 2012) (Table 3 ). In addition, the genomes of strains other than the type strain of 969 species have been sequenced; therefore, these data have inherent limitations for use in classification and identification. It is clear that there is an urgent need to expand our genomic knowledge on hitherto uncharacterized type strains of species with validly published names, which will serve as a crucial framework for future taxonomy as well as other fields of microbiology, including ecology and clinical microbiology. One such attempt is an international consortium spearheaded by the US DOE Joint Genome Institute, called the Genomic Encyclopedia of Bacteria and Archaea project (GEBA; http://www.jgi.doe.gov/programs/GEBA/), which is trying to fill the gaps in genome sequencing throughout the phylogenetic tree of the Bacteria and Archaea (Wu et al., 2009) . Similarly, genome information for unexplored uncultured phyla of which only 16S rRNA gene sequences are available has been unravelled using singlecell genomics technology (Hofer, 2013; Rinke et al., 2013; Swan et al., 2013) . This kind of effort will contribute appreciably to bacterial systematics by providing more detailed and comprehensive taxonomic information for circumscribing bacterial and archaeal species. The overall distributions of all bacterial species as well as uncultured phylotypes and the availability of genome information are depicted in Fig. 2 .
Moving into the genomics era
It is clear, at this point, that the use of genomics in the classification and identification of bacteria and archaea will be greatly facilitated as the cost of DNA sequencing is gov/sequencingcosts/). Up to now, a two-step approach has been widely used in recognizing novel species: 16S rRNA gene sequence similarity is first calculated, and DDH is applied to cases with .97 % 16S rRNA gene similarity (Stackebrandt & Goebel, 1994; Tindall et al., 2010) . As the number of genome sequences covering species with validly published names grows, DDH will be easily replaced by genome sequence-derived relatedness indices such as ANI. Since genome sequencing encompasses high-quality 16S rRNA gene sequencing, this will be a one-step approach that can be fully automated at the post-DNA-sequencing stage. Additionally, genome sequencing also provides a precise DNA G+C content of the genome, which has been of historical value in bacterial taxonomy.
For genome sequencing to be used on a routine basis in bacterial and archaeal taxonomy, objective and reproducible bioinformatics tools should be available. Fortunately, unlike the highly sophisticated bioinformatics methods required for functional genomics and comparative genomics, routine identification can be carried out by fairly simple bioinformatics processes. In OGRI methods, genome assembly and calculation of genome-based relatedness indices are conducted serially. Both steps have been validated extensively and can be coupled to be fully automated, even through a web-service or standalone software. However, such a service or software is not yet available. Unlike OGRI, MLSA methods require additional gene finding and functional annotation between the aforementioned steps. It should be noted that OGRI, like DDH, shows no resolution at the suprageneric taxonomic level.
However, MLSA based on conserved genes has been applied successfully to dissecting phylogenetic structure among phyla and has great potential in suprageneric classification (Lang et al., 2013) . The rate at which genome sequencing is carried out at various microbiology laboratories worldwide will be likely to be exponential, given the current growing trends of released genome sequences in public database (Fig. 3) . Mining of this huge dataset to understand the true nature of bacterial and archaeal species will be extremely challenging considering the computational cost of both the hardware and software required. For example, saving all available bacterial and archaeal genome sequences onto even a smartphone is possible (4 megabases612 000 is only 40 gigabases). However, pairwise comparison of all genomes will take an unimaginably long time (if each comparison takes 1 min, 12 000612 000 comparisons will take 273 years). It is likely that the future direction for species definition of the domains Bacteria, Archaea and Eukarya will be a matter of computational or bioinformatics means.
Since many DNA sequencing platforms with different technical specifications and experimental protocols are being developed, a minimum standard for each case should be set for taxonomic use, preferably by international organizations such as the International Committee on Systematics of Prokaryotes or its taxonomic subcommittees.
Modern bacterial and archaeal taxonomy has been greatly advanced by the introduction of 16S rRNA gene sequencing. We believe that genomics will have equal or even greater impact on how we classify and identify bacteria and Genome-based PCR-based Fig. 2 . Known bacterial species diversity based on 16S rRNA sequences (a) and distribution of species for which genome sequences are available (b). 16S rRNA gene sequences of bacteria were aligned manually using the EzEditor software (Jeon et al., 2014) and three-dimensional co-ordinates for each sequence were obtained by calculating pairwise similarity followed by principal co-ordinate analysis (Sokal & Sneath, 1963) . Animated and updated versions of figures are available at http://www.ezbiocloud.net/ezgenome/status/.
archaea. By coupling with recent advances in computational sciences, such as cloud computing and big data analysis, microbial taxonomists should be able to provide more robust and objective approaches for classification and identification, which have been the foundation of our society ever since the discovery of microbes.
This issue of International Journal of Systematic and Evolutionary Microbiology contains a number of contributions, both original research and reviews on topics that cover the use of genome sequence data in microbial taxonomy. As well as covering prokaryotic taxonomy, two papers address the use of genome sequence data in the taxonomy of yeasts (Kutzman, 2014) and algae (Kim et al., 2014b) . The contribution of Ramasamy et al. (2014) outlines a polyphasic strategy that incorporates genome sequence data for the identification of novel species of bacteria and names the approach 'taxo-genomics'. Amaral et al. (2014) provide a taxon-specific strategy for the identification of phenotypes from whole-genome sequences that can be used in the identification of species and strains of the genus Vibrio. A paper describing the use of conserved indels and signature proteins in the taxonomy of a group of plant-pathogenic genera not only demonstrates the use of this approach in taxonomy but suggests that these unique signatures have applications and could be used to develop antibacterial agents (Naushad et al., 2014) . Meier-Kolthoff et al. (2014) address the use of genomic data in the calculation of G+C content of the DNA of organisms, highlighting the age-old problems with the methodologies used for the determination of G+C content and DDH values. Kim et al. (2014a) report a large-scale comparison between 16S rRNA gene sequence similarities and ANI, which results in the proposal of a new threshold of 16S rRNA gene sequence similarity in the recognition of novel species. All of these constitutions make the case for using genome sequence-based approaches that are reliable and reproducible.
This collection of papers sets the stage for moving the taxonomy and systematics of the Bacteria and Archaea to the next level and into the genomic era. It could be considered that bacterial taxonomy is languishing in the phenotypic and chemotaxonomic quagmire of unreliable methods and difficult-to-replicate data and that genomesequence approaches to determining not only the relationships and identity of micro-organisms but also the expected phenotype could indeed rescue this science, boost its credibility and bring it into the genomic era.
